Bone metastasis is a frequent finding in the natural history of several types of cancers. However, its anticipated risk, diagnosis and response to therapy are still challenging to assess in clinical practice. Markers of bone metabolism are biochemical by-products that provide insight into the tumor-bone interaction, with potential to enhance the clinical management of patients with bone metastases. In fact, these markers had a cornerstone role in the development of bone-targeted agents; however, its translation to routine practice is still unclear, as reflected by current international guidelines. In this review, we aimed to capture several of the research and clinical translational challenges regarding the use of bone metabolism markers that we consider relevant for future research in bone metastasis.
Introduction
Bone metastasis (BM) is not only a major topic in the clinical management of cancer because of its prevalence but is also a unique subject of cancer research because of the proven relationship between cancer cells and the stromal cells in bone. Indeed, BM is the first good example of the importance of the microenvironment in the metastatic tissue to unravel new therapeutic targets-the bone-targeted agents (BTAs).
Because of this strong evidence, it was thoughtful to investigate where we could use bone remodeling biomarkers to understand the clinical behavior of cancer in bone. Furthermore, because it is very difficult to undertake useful objective evaluation of BM by analyzing serial X-rays from bone surveys or bone scans (BS), the bone remodeling markers appeared as a logical option to investigate in this context. Despite the accomplishment of several studies focused to understand the role of bone remodeling markers to evaluate BM status, 1, 2 to monitor treatment response to BTAs and to anticancer therapy, 1, 3, 4 as well as to predict bone complications, 1 the most adopted guidelines do not recognize a definitive role for the use of bone remodeling markers to interpret clinical outcomes and treatment response in patients with BM. 5, 6 However, it is intriguing to see that the major clinical trials with BTAs in phase 2 studies had the bone remodeling markers as the primary end point. In consequence, several new drugs were not pursued to phase 3 trials because they did not show superiority in the bone remodeling marker response. In addition, the clinical trials with new drugs to treat metastatic prostate cancer (which often presents with BM) included, as secondary end point, bone remodeling markers response. 7 Finally, because bone remodeling markers can reflect multiple interactions of cancer cells with osteoclasts and osteoblasts, they can have a role also in the understanding of the mechanistic pathways involved in cancer progression in bone, either in preclinical or in clinical research.
In this review, we aimed to capture several of these aspects that we consider relevant for future research in BM.
Biochemical Markers of Bone Turnover
Biochemical markers of bone turnover are generally categorized into bone formation and bone resorption markers. 8, 9 Bone formation markers include osteoblastic enzymes or by-products of active osteoblasts during osteoblastogenesis. The majority of bone resorption markers are by-products of type I collagen degradation, noncollagenous bone matrix proteins or osteoclastic enzymes. In addition, several regulators of bone cells' activity and thereby bone turnover may also be used as biomarkers. The biochemical markers of bone turnover are represented in Figure 1 and summarized in Table 1 .
Bone turnover biomarkers used in preclinical and clinical research of BM include bone-specific alkaline phosphatase (BALP), osteocalcin (OC), procollagen type I N propeptide (P1NP), pyridinoline (PYD), deoxypyridoline (DPD), aminoterminal crosslinked telopeptide of type I collagen (NTX-I) and carboxy-terminal crosslinked telopeptides of collagen type I (CTX-I and ICTP).
BALP is an enzyme specifically produced by osteoblasts that is involved in mineralization. Its release into circulation corresponds predominantly to the matrix maturation phase of bone formation, an intermediate phase of osteoblast activity. 9 OC is a 5.8-kDa noncollagenous protein synthetized by osteoblasts that binds to hydroxyapatite and is involved in calcium binding. Glutamic acid residues in OC are converted to g-carboxyglutamic acid by vitamin K posttranslational carboxylation, and they are responsible for the calcium binding. OC is considered a specific marker of osteoblast function. 10, 11 P1NP is derived from extracellular processing of procollagen type I molecule. Procollagen contains amino-and carboxyterminal extensions that are enzymatically cleaved upon procollagen secretion, P1NP and P1CP. 10 PYD and DPD are two nonreducible pyridinium crosslinks that are present in bone collagen, which are released into the circulation upon collagen breakdown either in a free state or Figure 1 Biochemical markers of bone turnover. Blue boxes/arrows represent bone formation markers: bone-specific alkaline phosphatase (BALP); osteocalcin (OC); propeptides of type I procollagen (P1NP and P1CP). Orange boxes/arrows represent bone resorption markers: pyridinoline (PYD); deoxypyridoline (DPD); carboxy-terminal crosslinked telopeptide of collagen type I (CTX-I); amino-terminal crosslinked telopeptide of type I collagen (NTX-I); Hydroxyproline (Hyp); hydroxylysine (Hyl); bone sialoprotein (BSP); osteopontin (OP); tartrate-resistant acid phosphatase 5b (TRAP5b); cathepsin K. Green boxes represent regulators of bone turnover: receptor activator of NF-kB ligand (RANKL), osteoprotegerin (OPG), dickkopf-1 (DDK-1) and sclerostin. During the process of bone remodeling, osteoblasts produce RANKL and OPG that regulate the differentiation and maturation of osteoclasts. Osteoclastic activity is measured by the quantification of its lysosomal enzymes: cathepsin K and TRAP5b. The degradation of bone collagen type-I releases CTX-I and NTX-I (following degradation by cathepsin K), PYD, DPD and Hyp/Hyl. During the bone resorption process, calcium and enzymes from the bone matrix such as BSP and OP are released. Bone formation is a process associated with the release of BALP and OC-specific osteoblast enzymes. Osteoblasts secrete to the extracellular space collagen type I as a procollagen type-I molecule; afterward, its terminals are cleaved releasing P1NP and P1CP. In the presence of DDK-1 and sclerostin, the Wnt pathway is downregulated and consequently osteoblastic differentiation is inhibited. In bone metastasis (BM), matrix metalloptoteinases (MMPs) are produced by bone stromal cells and bone metastatic cells. These proteases are able to degrade collagen type-I originating carboxy-terminal crosslinked telopeptide of type I collagen (ICTP). Bone remodeling markers in bone metastatic disease A Ferreira et al bound to a peptide. These pyridinium crosslinks result from the posttranslational modification of lysine and hydrolysine in bone and represent fragments of crosslinking amino-acid derivatives that stabilize the collagen type I fibrils in bone. 12 The crosslinked telopeptides that are released from type I collagen degradation by proteases during bone resorption generate neoepitopes (CTX-I, ICTP, NTX-I). The C-terminal telopeptide, CTX-I, as well the N-terminal telopeptide, NTX-I, when compared with ICTP, reflect different enzymatic pathways of bone breakdown, by cathepsin K or matrix metalloptoteinase-1 (MMP-1) cleavage of collagen type I, respectively. 13 Inhibitors of Wnt signaling, namely sclerostin and dickkopf-1 (DKK-1), are also considered bone remodeling markers. Sclerostin is produced by osteocytes, whereas DKK-1 is produced by osteoblasts and by a variety of different cells in several tissues, including cancer cells. Both sclerostin and DKK-1 are secreted into circulation, and serum levels reflect inhibition of bone formation. 14, 15 State-of-the-art high-throughput techniques are being used for the identification of new key biological and molecular pathways involved in the regulation of bone metabolism. 16 Therefore, new bone remodeling markers may emerge in the future.
Laboratory Determination of Biochemical Markers of Bone Turnover
Bone remodeling markers reflect the metabolic activities of osteoclasts (resorption) and osteoblasts (formation) and can be measured in serum or urine. Available analytical methods for the determination of bone remodeling markers include enzymelinked immunosorbent assay (ELISA), radioimmunoassay (RIA) and electrochemical luminescence.
Preanalytical and analytical variability in the quantification of bone remodeling markers represents a major problem in its use for clinical purposes. In this way, the identification of the variability sources and the strategies to go beyond this should be designed. There are two main sources of preanalytical variability: (1) technical sources, which include sample collection, sample handling and storage, thermodegradation, photolysis and timing of sample collection (diurnal variation); and (2) biological sources, such as age, gender ethnicity, diet, exercise, among others. 11, 17 To overcome preanalytical variability, laboratories must establish their own reference ranges using gender-and age-specific reference values, 11 and address intralaboratory reproducibility both in manual and automated assays. 18 The International Osteoporosis Foundation (IOF) and International Federation of Clinical Chemistry (IFCC), IOF/IFF working group, have published recommendations to minimize variability in the determination of bone remodeling markers. 19, 20 One bone resorption marker, serum CTX-I, and one bone formation marker, serum P1NP, are considered as reference markers and measured by standardized assays in observational and intervention studies. This, along with the consequent adoption of international reference standards, allows improving the use of these clinical markers. 21 To ensure the integrity of results, laboratories can participate in external quality assurance schemes. For example, in the United Kingdom, the External Quality Assessment Service now includes bone turnover markers in their portfolio. 22 Over the past decade, most of the immunoassays that were used have been automated, contributing to the decrease of technical variability. 18 However, there are specific aspects of each remodeling biomarker that should be taken into account to control variability in their quantification.
BALP
The first assays that were developed for the quantification of BALP were not specific for this isoenzyme; therefore, isoenzymes from other organs such as liver could interfere in the BALP quantification. Since then, different ELISAs have been developed to quantify BALP isoenzyme in serum or heparin plasma. 10 Although reproducible and precise, these immunoassays still retain some crossreactivity with the liver isoenzyme: around 15% with the BALP Ostase immunoassay and 3-10% with the Alphase-B enzyme immunoassay. Therefore, BALP results must be carefully interpreted in patients with liver pathology. 10 Blood withdrawal for BALP quantification must be performed without ethylenediaminetetraacetic acid (EDTA) or citrate owing to enzyme inhibition. BALP in serum is stable at 2-8 1C for up to 5 days or at À 20 1C for longer storage. 23 OC OC can be quantified by RIA, ELISA or chemiluminescense immunoassays. Assays that detect the intact OC or large N-terminal fragments are the most reproducible; however, the use of this marker is limited owing to high variability. 10 OC should be analyzed in EDTA-derived plasma obtained by immediate separation after blood withdrawal. OC in plasma is unstable at room temperature (RT) but stable up to 7 days at 4 1C.
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P1NP
The measurement of P1NP in serum may be of diagnostic value. 11 There are two commercially available assays: manual Orion RIA detects intact P1NP, whereas the high-throughput automated Roche Elecsys 2010 analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan) recognizes both the trimeric and thermal degradation forms of P1NP. The automated method is reported to have better analytical reproducibility.
24
P1NP is stable in serum stored up to 48 h at 23-25 1C, up to 76 days at 2-8 1C and up to at least 6 months at À 20 to À 80 1C.
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PYD and DPD
The measurement of PYD and DPD is not influenced by the degradation of newly synthetized collagen and only reflects the degradation of crosslinked mature collagens.
11 DYP and DPD are quantified by reverse-phase high-performance liquid chromatography in the first or second void urine of the morning, collected preferentially before 1000 h owing to the diurnal variation on the concentration of these crosslinks. For longitudinal studies, urine should be collected at the same time point. Creatinine correction of DYP and DPD levels is needed to control for renal function. Urine samples must be collected without preservatives, and DYP and DPD are stable at 2-8 1C up to 7 days or at À 20 1C for longer storage. 23 The samples should be protected from light, as PYD and DPD are sensitive to UV light, resulting in lower concentrations. 10 NTX-I NTX-I is usually quantified in urine, by ELISA, using a monoclonal antibody against the a-2 isoform (bone-derived peptide).
Bone remodeling markers in bone metastatic disease A Ferreira et al Results must be standardized to creatinine levels, as renal clearance affects NTX-I excretion. Owing to variations with circadian rhythm, urine samples should be collected from the second void of the morning. 25 NTX-I is stable in urine collected without preservatives and stored at RT for up to 24 h, at 2-8 1C up to 72 h, 3 months when frozen at À 20 1C and for at least 1 year at À 80 1C. It should be used in less than three freeze/ thaw cycles. 23 Urine NTX-I has been the preferred marker in the clinical setting as, in comparison with serum CTX-I, it is less sensitive to the circadian rhythm, it is not affected by food intake and it avoids blood withdrawal. 23 
CTX-I
With regard to CTX-I, quantification in serum, compared with urine, is preferable owing to a higher precision throughout the range of concentrations. ELISA is performed using a monoclonal antibody against an octapeptide sequence (EKAHD-b-GGR) in the a-1 (I) chain of the b-isoform. CTX-I b-isoform is most predominant in mature collagen from bone, and it results from the isomerization of aspartyl to b-aspartyl residues. This isomerization occurs with the aging of the collagen type I molecule. 26 Serum CTX-I is affected by food intake, and blood withdrawal must take place in the fasting state. Food intake substantially decreases the levels of CTX. 27 For this assay, serum should be collected within 3 h after blood withdrawal and immediately frozen at À 20 1C.
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Quantification of CTX-I and NTX-I by ELISA is currently accurate and reproducible. 8 However, for comparison between samples, the assays should be performed in the same laboratory, as results from different laboratories, even with the same test and automated assays, could differ up to 5.6-fold. 11, 29 Therefore, besides the calibration and the establishment of references for each laboratory, the ideal situation to control technical variability is to centralize the determinations in a unique laboratory. 20 ICTP ICTP, which reflects nonosteoclastic bone resorption mediated by MMPs, is liberated to the bloodstream during pathological conditions. Serum ICTP is quantified by RIA, 13 and it is relatively insensitive to changes in bone remodeling mediated by normal osteoclastic activity. This could be explained by the fact that the epitope for ICTP antibody used in its quantification by RIA is cleaved by cathepsin K during normal osteoclastic activity, becoming unavailable for the quantification. Serum must be stored at À 20 1C, with a decrease of 12% in ICTP levels if kept at RT for 5 days. 11 
Preclinical Use of Bone Remodeling Markers
Characterization of bone phenotype in preclinical research often includes X-rays, bone densitometry, static and dynamic histomorphometry, biochemical analysis and in vitro studies.
The histomorphometric analysis is a gold-standard approach to address bone formation and resorption, as it allows the quantification and visualization of the mineralizing surface, mineral apposition rate, bone formation rate, among other characteristics. Nevertheless, several preclinical studies focusing on bone remodeling have taken advantage of the measurement of bone remodeling markers, either to assess bone development, bone regeneration or bone pathophysiology. Bone remodeling biomarkers are more sensitive, discriminative between phenotypes and more reproducible than histomorphometric measurements. Biochemical markers of bone remodeling have also been used in preclinical development of antiresorptive agents for bone metastatic disease in cancer xenograft models. 30 Measurement of serum CTX-I by ELISA is a convenient and the most commonly used approach when using animal models, when compared with the quantification of NTX-I in urine.
In several studies, the analysis of three-dimensional bone microstructural properties by microcomputed tomography, bone mineral density assessed by X-ray computed tomography, histomorphometric analyses and other biochemical markers such as BALP, OC and tartrate-resistant acid phosphatase 5b (TRAP5b) have shown consistent results when compared with CTX-I determination in the serum of rodents. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] In addition, in nonhuman primate models, serum markers of bone resorption were also consistent with the observed phenotype. [42] [43] [44] [45] [46] Biomarkers of bone remodeling can also be used in in vitro models. 47 These cellular models can be reliably used for enhancing preclinical evaluation of pharmacological agents in metastatic bone disease. Nevertheless, in the vast majority of in vitro studies, the determination of osteoclast formation and activity is usually performed by TRAP staining, TRAP activity, pit resorption assays and expression of osteoclast-related markers such as cathepsin K and MMP-9. Osteogenesis is usually assessed by BALP activity and mineralization assays.
Bone Remodeling Markers in the Clinical Setting
Evaluation of bone metastases development risk after adjuvant therapy Even though the majority of patients with recurrent or metastatic breast and prostate cancers develop BM, a minority does not, and between those developing BM the timing of such event differs; therefore, previous studies addressed predictors of bone involvement. In breast cancer, sub-populations at different risks for BM were identified, as defined by younger age (o35 years), higher tumor staging (tumor size and nodal involvement), lower to intermediate histologic tumor grade, estrogen receptor positivity and previous locoregional or soft tissue recurrence. 48, 49 More recently, c-Src activation was also identified as a gene-expression signature associated with lateonset BM. 50 In prostate cancer, higher PSA levels are also predictors of bone recurrence. 51 Similarly, previous studies have found an association between specific tumor markers and bone relapse. Lipton et al. 52 retrospectively tested the association between pretreatment serum level of CTX-I and the development of bone-only disease relapse in the cohort of patients enrolled in the NCIC CTG MA.14 study, a phase 3 trial that tested the added benefit of adjuvant octreotide to tamoxifen in 667 women with early breast cancer. At a median follow-up of 7.9 years (123 events of documented disease recurrence, 19 of which involving the bone as an exclusive site of metastasis) and after controlling for other significant clinicopathologic characteristics, elevated CTX-I was associated with a shorter bone-only relapse-free survival (hazard ratio (HR) 3.43, 95% confidence interval (CI): 1.20-9.77; P ¼ 0.02); of note, Bone remodeling markers in bone metastatic disease A Ferreira et al it was not associated with any other type of recurrence. The authors hypothesized that an increased tumor metabolism at baseline may facilitate the development of BM. 52, 53 In contrast, Coleman et al. 54 did not find such a predictive power of high CTX-I levels at baseline (CTX-I X0.3 ng ml À 1 ; HR 1.43, 95% CI: 0.87-2.35; P ¼ 0.159) when retrospectively analyzing a cohort of breast cancer patients derived from the AZURE study, a phase 3 trial testing the added benefit of zoledronic acid (ZA) to standard adjuvant treatment in 872 patients with stage II/III breast cancer. Moreover, in this study, P1NP levels at baseline were also not significantly associated with bone relapse. Surprisingly, a normal level of serum vitamin D (430 ng ml À 1 ) was associated with a lower risk of bone relapse (HR 0.11, 95% CI: 0.02-0.76; P-value ¼ 0.0257) and a trend toward a lower risk of any type of relapse (HR 0.56, 95% CI: 0.31-1.01; Pvalue ¼ 0.0519). In a smaller study using prospective data from 388 consecutive patients, Diel et al. 55 demonstrated that higher preoperative BSP levels correlate with the development of bone-only metastases, even when controlling for nodal status (HR 93.96, 95% CI: 21.65-408.30; Po0.001). By contrast, from the 14 patients with visceral metastases only, none had increased BSP. The authors noticed, however, the possibility that the high levels of BSP might be the result of tumoral production instead of the result of increased bone turnover.
On the basis of the hypothesis that an increased bone metabolism may facilitate the development of BM, prior studies tested the added benefit of ZA in the adjuvant treatment of early breast cancer. A benefit in terms of relapse-free survival was found in premenopausal women under complete estrogen blockage (goserelin with either tamoxifen or anastrazol; ABCSG-12; Gnant et al. 56 ), in postmenopausal women under aromatase inhibitors (letrozol; ZO-FAST; Coleman et al. 57 ) and in women under systemic adjuvant therapy who had undergone menopause more than 5 years earlier (AZURE; Coleman et al. 58 ). Moreover, an individual patient data meta-analysis condensing information from 41 randomized trials that compared bisphosphonates (BPs) with placebo or no BPs in patients with breast cancer (n ¼ 17 016, of which 10 540 were postmenopausal women) further demonstrated a 34% improvement in the rate of bone recurrences (Po0.001) and a novel 17% improvement in the rate of breast cancer death (P ¼ 0.004) in postmenopausal women treated with BPs. 59 Pre-or perimenopausal women had no benefit. Importantly, the hypothesis of enhanced benefit from BPs in those patients with increased bone metabolism is still lacking support, as suggested by the previously discussed translational studies from the AZURE study, in which increased bone turnover levels at baseline (CTX-I X0.3 ng ml À 1 ) did not predict treatment benefit. 54 
Diagnosis of Bone Metastases
BS and conventional radiography (X-ray) are the two most commonly used imaging methods in the diagnosis of BM; 60 however, although BS has low specificity, X-ray has low sensitivity. 60 Thus, based on the broad picture of bone metabolism provided by bone markers, several authors tested their role as a diagnostic tool. A comprehensive study included postmenopausal patients with BM before and after one administration of different doses of pamidronate (n ¼ 19) compared with pre-and postmenopausal healthy women.
When compared with postmenopausal healthy women, those with BM had higher levels of urinary calcium, hydroxyproline, PYD, DPD and CTX-I, but only hydroxyproline, PYD and DPD were significant. 61 After BP therapy, patients were followed up weekly for 8 weeks (range 4-10). Parameters of bone resorption declined significantly at week 1, especially CTX-I, and for 63 days for urinary calcium (90% CI: 35-70 þ ), 56 days for CTX-I (21-70 þ ), 49 days for hydroxyproline (28-70 þ ), 49 days for DPD (21-70 þ ) and 21 days for PYD (14-28 days); on the other hand, those of bone formation did not change meaningfully, an effect that reflects the capacity of BPs to uncouple bone formation and resorption in favor of bone formation.
Other studies tested the accuracy of several bone markers in patients with cancer when comparing specifically those with or without BM. Demers et al. 62 tested a panel of seven bone markers (BAP, PYD, DPD, NTX-I, ICTP, PTH-rp and calcium) in patients with various types of solid tumors with or without BM, as defined by BS and/or X-ray bone survey. In this study, urinary NTX-I, its log transformation (log(NTX-I)) and DPD were the markers most strongly associated with BM, but only NTX-I and log(NTX-I) had a relevant discriminating power between those with BM or local disease only (sensitivity of 0.308 and 0.423, respectively, and specificity of 0.902, for both). In this cohort, when comparing markers of bone formation with resorption, those of bone resorption were most different between the groups of patients with BM or local disease; nevertheless, several patients without clinical evidence of BM had also increased tumor marker levels. The authors speculated that this elevation may reflect subclinical bone involvement. Wada et al. 63 retrospectively analyzed four bone markers (NTX-I, ICTP, total ALP and TRAP5b) in 156 breast cancer patients, 23 with bone-only metastases, 19 with extraosseous-only metastases and 114 without metastases. Those with BM were further divided by the number of bone lesions. Contrasting with NTX-I and total ALP, the mean values of ICTP and TRAP5b were significantly higher in those patients with BM when compared with those without (visceral metastases or no metastases), as were in those with higher bone tumor burden compared with lower burden and in those with progressive disease despite therapy compared with those with tumor control. Of note, the groups above differed in the median age at the time of marker evaluation, a variable not controlled for in the analysis. On the other hand, Ulrich et al. 3 analyzed a set of three bone markers (NTX-I, ICTP and BALP) in 106 patients with breast cancer, either with documented BM (n ¼ 19), without BS evidence of BM (n ¼ 65) or with pathologic non-malignant alterations in the bone scintigram. Tumor marker levels were higher in the group of patients with BM when compared with the other two groups, whereas those without clinical evidence of BM had similar levels. In this cohort, ICTP was the marker with higher sensitivity (65%), whereas it had similar specificity to BALP (91 vs 92% for BALP). Given the wide range of values and the lower sensitivity, the authors concluded that these markers did not allow for early detection of subclinical bone recurrence and hence the replacement of imaging techniques for this purpose. Moreover, bone markers are neither site-specific nor disease-specific; thus, imaging studies continue to be a key step during the diagnostic process.
A detailed discussion according to the type of primary tumor can be found elsewhere.
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Prediction of Patients' Outcomes
Bone markers have been tested as predictors of skeletalrelated events (SRE), bone disease progression and overall survival. The retrospective analysis of large data sets derived from phase 3 clinical trials testing the use of ZA in patients with BM demonstrated that high baseline bone remodeling markers levels are adverse prognostic features. Brown et al. 4 retrospectively studied two bone markers (NTX-I and BALP) in patients assigned to placebo (control arm) in two phase 3 trials of ZA. These trials included 441 patients with prostate cancer, non-small-cell lung cancer (NSCLC) or other cancers, all with BM. High baseline and on-study NTX-I levels (X100 nmol mmol À 1 creatinine) predicted a higher risk of SRE, but also a shorter time to first SRE, bone disease progression and death. Compared with baseline evaluations, on-study measurements were even more strongly correlated with these outcomes. Higher BALP levels (X146 IU ml À 1 ) were also correlated with worse outcomes, excluding bone disease progression; furthermore, the effect size was smaller. On the other hand, Coleman et al. 65 analyzed the same markers in 1824 BP-treated patients (experimental arm) enrolled in tree phase 3 trials. These trials included patients with several types of primary solid tumors (mostly breast, prostate and NSCLC) and multiple myeloma; moreover, patients received either ZA (n ¼ 1462) or pamidronate (n ¼ 362). With a median follow-up of 17 months, patients with baseline and on-study urinary NTX-I levels X50 nmol mmol À 1 creatinine had a twofold increased risk of developing an SRE or having bone disease progression when compared with those with normal levels (o50 nmol mmol À 1 creatinine). The risk of SRE development was numerically more pronounced in breast cancer and lowest in NSCLC, but no interaction was found (P ¼ 0.813). Furthermore, NTX-I levels X100 nmol mmol À 1 creatinine were associated with a four to six times increased risk of death (vs two to four times for values between 50 and 100 nmol mmol Other studies also demonstrated that early (at 3 months) bone marker normalization after introduction of ZA is strongly prognostic. Lipton et al. 66 retrospectively analyzed a cohort of patients treated with ZA in the context of a phase 3 trial comparing ZA with pamidronate. In this study, early NTX-I normalization (3 months NTX-I o64 nmol mmol À 1 creatinine) was associated with a significant decrease in the risk of first SRE (HR 0.504, 95% CI: 0.318-0.798; P ¼ 0.0034) and death (0.454, 95% CI: 0.293-0.704; Po0.001). However, when only considering the group with an early NTX-I normalization, the development of a subsequent SRE or death was not always preceded by an increase in NTX-I levels. Subsequent studies by the same author using independent data sets found similar conclusions. 67 More recently, denosumab was compared with ZA in patients with BM from several types of solid tumors and multiple myeloma; 1, 68, 69 in these studies, denosumab was more effective delaying time to first and subsequent SRE, which was correlated with a greater control of bone turnover marker levels (NTX-I and BALP). 1, 68 Costa et al. 12 further studied the role of bone markers in the diagnosis of disease progression. In this prospective cohort study, the authors tested 3 bone markers (NTX-I, ICTP and BALP) in 123 patients with various metastatic cancers, 26 of which were extraosseous only (45 bone-only and 52 bone plus visceral). NTX-I and ICTP, but not BALP, were associated with bone disease progression (mean increase of 52 and 44%, respectively; Po0.001 for both), even after controlling for relevant clinical and demographic characteristics. Moreover, NTX-I had the highest sensitivity (70%), specificity (80%), positive (72%) and negative (79%) predictive values for bone disease progression in the set of markers analyzed (for an increase X30% from baseline). Curiously, when assessing ICTP, not only did it increase in the context of bone and extraskeletal progression, but it also did not decrease with BP therapy. This led the authors to speculate that ICTP could represent a bone collagen product derived from an osteoclastindependent mechanism of bone degradation (MMP-1 action on bone collagen) and therefore not influenced by BP therapy.
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Dosing of BTAs
The role of bone remodeling biomarkers is mostly acknowledged in the clinical development of BTAs. In phase 2 studies when comparing denosumab with BPs, the first end point was the rate of normalization of NTX-I, 2, 70 as defined as either the proportion of patients with urine NTX-I lower than 50 nmol l À 1 per mM creatinine or the percentage of change in urine NTX-I corrected for urine creatinine from baseline, both at week 13.
2,70
These phase 2 studies were crucial to select the treatment schedule of denosumab in the three pivotal phase 3 trials that led to the approval of this new BTA. 1, 68, 69 Despite the evidence that BTAs provide a significant clinical benefit for patients with BM, these drugs are also responsible Bone remodeling markers in bone metastatic disease A Ferreira et al for relevant adverse events, such as hypocalcemia or osteonecrosis of the jaw. 71 Moreover, the rate of adverse events associated with BP treatment increases with time, 71 and only limited evidence assessed long-term use of BPs. 12, 71 Given the prompt response of bone markers to treatment with BTAs and their use as predictors of BTAs efficacy (particularly with ZA), some authors hypothesized that the serial measurement of bone markers could be a strategy to tailor therapy regimen. Actually, the serial measurements of these markers could allow changing treatment frequency (for example, every 3 months) and even theoretically allow removing therapy for periods in the context of optimal bone metabolism control. Currently, treatment guidelines recommend continuing therapy until there is a substantial decline of patients' general status 6 or even indefinitely and throughout the course of the disease; 5 however, a bone marker directed strategy of therapy could maximize benefits, while decreasing risks and costs. This strategy was tested in a phase III noninferiority study referred to as the BISMARK trial, 72 in which 289 patients with bone metastases from breast cancer were randomized to ZA, either as a standard fixed schedule or under an NTX-I-directed schedule. Even though the recruitment of patients was lower than planned (compromising study power), the NTX-I-directed schedule group had a higher proportion of patients presenting with an SRE (primary end point HR 1.41, 90% CI: 0.98-2.02; P ¼ 0.12), thus not demonstrating noninferiority of this novel approach. Of note, patients in the standard schedule had more than double of ZA administrations and lower median NTX-I values at all evaluations. Even though underpowered, this study suggested that an NTX-I-directed schedule may be an unfavorable strategy. In contrast, two small feasibility studies selected lowrisk patients (as defined by baseline CTXo600 ng l À 1 after X3 months of BPs) to receive pamidronate either every 4 or every 12 weeks until CTX failure (4600 ng l À 1 ) or SRE development. Both trials reported a noninferiority of the 12-week schedule in this low-risk group. 73, 74 Two other studies tested the reduction of therapy frequency from every 4 weeks to every 12 weeks after a treatment period of B1 year with ZA every 4 weeks. 75, 76 Both studies reported a noninferiority of an every 12-week therapy schedule after at least 1 year of every 4-week ZA in terms of SREs; however, a significant increase in NTX-I levels from baseline in the every 12-week group was found. The meaning of this increase in the context of the longer survival of patients with bone metastases should be further studied. CALGB-70604 and Z-MARK studies, which are still running, will add further evidence to this topic. These treatment properties might, however, be specific of BPs, as a result of its bone matrix accumulation. On the contrary, denosumab pharmacokinetics may limit this approach. 77 It is noteworthy that an exploratory study comparing several doses and schedules of denosumab (namely 180 mg every 12 weeks) with every 4-week BPs showed no difference in the control of NTX-I or occurrence of SREs.
Conclusion
Bone remodeling markers have been perceived as a valuable tool to the clinical development of BTAs. The use of bone remodeling markers in preclinical research is mainly complementary but, in human studies, they have a key role to decide whether the new BTA is considered a superior alternative to pursue to a phase 3 level. Further research to determine better the correlation of different biomarkers with different patterns of bone degradation observed in the context of BM is advisable to increase the accuracy of early-phase clinical trials with new BTAs. In routine clinical practice, bone remodeling markers can be helpful to define better the prognosis and the risk for bone complications in patients with BM. However, they are not ready to be considered as a standard approach in the clinical setting yet, as shown by the levels of evidence in Table 2 . Therefore, they are not recommended as part of the guidelines. 5, 6, 78 Among many other questions to answer, we believe that more prospective studies should address the question of whether the bone remodeling markers could be helpful to decide when to perform objective evaluation of BM status with BS, bone survey or even the new imaging tools such as the axial skeleton MRI. This is probably the most frequent challenge to the clinicians: BM changes are difficult to evaluate in routine clinical practice. Indeed, by the RECIST criteria, BM is usually not a measurable disease, unless there is a soft tissue mass component evaluable by CT scan or MRI. 79 There is also a need for a more adequate assessment of the ongoing risk for bone complications after 2 years of BTAs in long-term survivors. In this setting, together with the clinical information, the level of bone remodeling markers could add significant input to decide whether there is a need to continue BTAs, change the treatment regimen or simply stop the BTAs until new relevant information appears.
The research in this field should continue, and with the advent of new treatments affecting the bone microenvironment, such as radium-223 dichloride (Ra-223) and cabozantinib (a c-met inhibitor), 7 ,79 a new effort should be taken to define the role of bone remodeling markers in the assessment of these new therapies.
